pronounced effects of light on root physiology and development. Although some effects of light 48 availability on root growth will be the simple consequence of differential sugar availability to the 49 roots due to photosynthesis in the shoot, there is substantial evidence for more sophisticated 50 signaling impacts of different aspects of the light environment. 51
In this Update, we will briefly review the core light signaling mechanisms, their impact on root 52 development and plasticity and the functional implications of these above-belowground 53 interactions. 54 55 56
LIGHT SIGNALING 57
Different wavelengths of light are associated with various functions in plant development and 58 plants have a range of photoreceptors to detect these wavelengths. UVR8 is sensitive to UV-B 59 light, cryptochromes (CRY) and phototropins (PHOT) detect UV-A and blue light, whereas 60 8 in Arabidopsis, phyA-phyE. Phytochromes use the N-terminal covalently linked phytochromobilin 166 to sense light and the C-terminus to transmit the light signal. Phytochromes undergo reversible 167 conformation changes: The inactive Pr form absorbs R light (max=660nm) that leads to its 168 photoconversion into the active Pfr form that can then absorb FR light (max=730nm) to be 169 inactivated. Upon activation, Pfr translocates from the cytosol to the nucleus, where it interacts 170
with PIFs, modulating their activity (Chen and Chory, 2011; Leivar and Quail, 2011; Xu et al., 171 2015) . PhyA, PhyB, PhyD and PhyE are expressed in the root, while PhyC expression in the root 172 is hardly detectable (Fig. 1) . Phyb mutants have been shown to produce fewer lateral roots 173 (Salisbury et al., 2007) and Phyb and Phya single and double mutants have reduced root 174 elongation compared to wild-type (Correll and Kiss, 2005; Silva-Navas et al., 2015) . Recently, 175
PhyB has been identified to act as a temperature sensor (Jung et al., 2016; Legris et al., 2016) , 176 which is interesting since heat stress is known to lead to increased main root growth (Hanzawa 177 et al., 2013) . If this occurs through PhyB signaling is yet to be resolved, but since high 178 temperatures destabilize PhyB and PhyB mutants have reduced root lengths, this may not be 179
likely. 180 181 182

IMPACT OF DIRECT LIGHT SIGNALING ON ROOT DEVELOPMENT AND PLASTICITY 183 184
Root development in dark versus light 185
Root development (Box 1) starts at embryogenesis (Scheres et al., 1994) and all root layers are 186 continuously formed from stem cells at the tip (Petricka et al., 2012) that are maintained by a 187 constant auxin flow (Blilou et al., 2005; Galinha et al., 2007; Stepanova et al., 2008; Mähönen et 188 al., 2014) , while cytokinin promotes differentiation of these root layers (Dello Ioio et al., 2007; 189 Dello Ioio et al., 2008) . Lateral roots form after embryogenesis and are primed in the 190 differentiation zone of the meristem (De Smet et al., 2007; De Rybel et al., 2010) . Subsequently 191 they emerge through the outer layers of the main root (Lavenus et al., 2013) upon modifications 192 of these layers (Péret et al., 2013; Vermeer et al., 2014) . In total darkness, the Arabidopsis 193 seedling elongates its hypocotyl in an attempt to penetrate the soil, however its root stays very 194 small (Fig. 2) . Roots of dark-grown seedlings are much shorter and have a much thinner 195 diameter than those of light-grown seedlings (Laxmi et al., 2008; Dyachok et al., 2011) . When 196 etiolated seedlings are exposed to light they inhibit hypocotyl elongation, develop their 197 cotyledons and start to photosynthesize (Wu, 2014 dramatically, also when grown in the light (Kircher and Schopfer, 2012) . Besides sucrose, the 200 basipetal flow of auxin is necessary to facilitate root growth in seedlings (Bhalerao et al., 2002) 201 and in the dark this basipetal auxin transport is very low due to the depletion of PIN-FORMED 202 (PIN) auxin efflux carriers from the plasma membrane (Laxmi et al., 2008; Sassi et al., 2012) . Light induces root growth by providing sugars and auxin to the young root and specifically red 204 and blue light exhibit a positive effect on root elongation when compared to darkness (Sweere, 205 2001; Canamero et al., 2006; Costigan et al., 2011) (Fig. 2) . However, the addition of sucrose to 206 the agar medium can sometimes reverse this effect (Correll and Kiss, 2005) . Supplementation of 207 white light with FR light reduces root growth compared to normal white light (Salisbury et al., 208 2007) (Fig. 2 ) and UVB has a strong inhibiting effect on root growth, either when supplied to the 209 whole seedling or only the root (Tong et al., 2008; Leasure et al., 2009; Silva-Navas et al., 2015) 210
Many experiments addressing root development have been performed in the presence 211 of light on the whole seedling since root development is typically studied in vertical agar plate 212 set-ups with transparent medium. In field conditions the top part of the root system will grow in 213 minimal light and the lower part will even develop in darkness, while the shoot can be exposed to 214 various different light conditions (Smith, 1982) . Several solutions to these undesirable lab 215 conditions have been postulated, including dark agar plugs (Sassi et al., 2012) , black-colored 216 vertical plates (Xu et al., 2013) and the D-root system consisting of plate inserts plus cover slips 217 (Silva-Navas et al., 2015) . In the D-root system, seedlings grow on medium in vertical square 218
plates, but an insert at the root-shoot junction and an external cover slip prevents light exposure 219 of the roots, whereas the shoot is exposed to the ambient light conditions. Compared to plants 220 with roots grown in fully exposed light conditions, plants with roots in darkness have increased 221 main root length and lateral root number, while root hair length decreased. When dark-grown 222 roots were exposed to light for a duration longer than 8 hours, their growth rate and root 223 meristem size declined (Silva-Navas et al., 2016) . Interestingly, shielding roots from light 224 decreased the sensitivity of the main root to the plant hormones abscisic acid (ABA), 225 brassinolide (BL) and 6-benzyladenine (BAP), while the sensitivity to indole-3-acetic acid (IAA) 226 was increased (Silva-Navas et al., 2015) . Interestingly, dark-exposed roots were less sensitive to 227 salt-and low nitrogen conditions, compared to light-exposed roots (Silva-Navas et al., 2015) . 228
These data show that direct perception of light by the root is physiologically relevant in 229 Arabidopsis seedlings. 230
231
Light affects root developmental plasticity 232
The root system can change the direction of growth in response to stimuli such as gravity 233 (Morita, 2010) or light (Kutschera and Briggs, 2012) . The movement of the root away from light 234 sources or 'root negative phototropism' is dependent upon blue-light perception by phototropins 235 (Wan et al., 2012) . Contrary to the negative response to blue light, a positive growth response of 236 the root to red light has also been observed (Kiss et al., 2001) , but this response is weak and 237 can only be observed in the absence of gravity sensing (Ruppel et al., 2001; Kiss, 2003) . 238
Downstream of light perception, root phototropism impinges on elements involved in root 239
gravitropism (Kiss, 2003; Kutschera and Briggs, 2012 
Root negative phototropism is induced by blue and white light and the photoreceptors involved 243
are mainly phot1 and phot2, with minor roles for phyA and cry1/cry2 (Boccalandro et al., 2007; 244 Wan et al., 2012; Silva-Navas et al., 2016) . NON-PHOTOTROPIC HYPOCOTYL3 (NPH3), a 245 target of phot1 and phot2 involved in hypocotyl phototropism, is also an important player in root 246 negative phototropism (Wan et al., 2012) . Downstream of directional light perception, polar auxin 247 transport directs auxin away from the illuminated side. This auxin transport gradient requires 248 rootward plasma membrane localization of the auxin efflux carrier PIN1 in the stele, lateral 249 relocalization of PIN3 in the columella and rootward relocalization of PIN2 in the epidermis (Wan 250 et al., 2012; Zhang et al., 2013; Zhang et al., 2014) . The relocalization of PIN2 and PIN3 is 251 dependent upon the recycling and targeted degradation (vacuolar targeting) of these PIN 252 carriers from one side of the membrane to the other (Wan et al., 2012; Zhang et al., 2013) 
Interaction of light and gravitropism 266
As mentioned above, root-negative phototropism and gravitropism both rely on polar auxin 267 transport. Light influences the direction of polar auxin transport by controlling the plasma 268 membrane abundance of PIN proteins (Laxmi et al., 2008; Sassi et al., 2012; Wan et al., 2012; 269 Zhang et al., 2013; Zhang et al., 2014 ). An interesting example of how light interacts with the 270 gravitropic output is the U-turn that an inverted maize seedling root makes when growing in a 271 glass tube exposed to light (Burbach et al., 2012; Suzuki et al., 2016) . When these seedlings are 272 inverted in the dark, they do not show this strong gravitropic response (U-turn), indicating that 273 light can increase gravitropism. In accordance with this, Arabidopsis root slanting (on agar 274 plates) and the root gravitropic response are reduced in the D-root system where roots are kept 275 in darkness (Silva-Navas et al., 2015) . Light stimulates the gravitropic response through the 276 increase of flavonol biosynthesis, which increases root auxin levels (Buer and Muday, 2004; 277 Silva-Navas et al., 2016) . Interestingly, FR light enrichment of Arabidopsis seedlings grown fully 278 in the light leads to reduced activity of the auxin reporter pDR5::GUS (Salisbury et al., 2007) 
CONSEQUENCES. 295
As mentioned above, it is critical to research the effects of light signaling on root developmental 296 plasticity under conditions where roots are not directly exposed to the light environment as they 297 are typically shielded from by the soil under natural conditions. Indeed, root systems develop 298 differently between dark and light conditions of the roots themselves. Since plants constantly 299 coordinate growth and development of root and shoot in response to their highly dynamic 300 environment, they do need to translate important information about their light environment to the 301 root system. This is of particular importance under dense planting conditions, such as in most 302 agricultural fields, where both above and below ground competition for resources occurs (Pierik 303 et al., 2013; Gundel et al., 2014) . Belowground, plants compete for water and nutrients whereas 304 aboveground they struggle for light. Belowground competition is size-symmetric, which means 305 that resource acquisition is proportional to the size of the root system of a given individual in a 306 dense stand. Competition for light is size-asymmetric: A plant that is only slightly taller than its 307 neighbors can put its leaves above these neighbors, thereby severely limiting their total access 308 to light, whilst itself not being affected at all by its neighbors (Weiner, 1985; Weiner and Thomas, 309 1986 (Lorrain et al., 2008; Keuskamp et al., 2010; Keuskamp et al., 2011; Casal, 2013; 315 Gommers et al., 2013; Kohnen et al., 2016; de Wit et al., 2016; Ballaré and Pierik, 2017; 316 Michaud et al., 2017; Pantazopoulou et al., 2017) . In this section, we briefly review the currently 317 established mechanisms of light signal information transfer from the shoot to the root, followed 318 by a discussion on its functional importance under dense planting conditions and plant 319 competition. 320 321
Mechanisms of light signal information transfer from shoot to root 322
Stem-piped light 323
Stem-piped light refers to the light transmitted through the internal tissues of the plants from the 324 shoot to the root. This manner of light transmission through the interiors of the plant has been 325 described for woody and herbaceous species. Light piping is wavelength-specific and long 326 wavelengths such as FR and near infra-red light are transmitted relatively well while shorter 327 wavelengths such as blue and green light are less effectively transmitted (Sun et al., 2003; Sun 328 et al., 2005) . Stem-piped light can activate root-expressed phyB, which on its turn regulates HY5 329 in the Arabidopsis root (Lee et al., 2016) . HY5 is involved in root growth in response to light, 330 modulating e.g. root gravitropism and nitrogen uptake (Cluis et al., 2004; Lee et al., 2007; Huang 331 et al., 2015; Chen et al., 2016) . Therefore, stem-piped light might communicate information 332 about the aboveground light environment to the root (Fig. 3) . However, the light transmission 333 goes down to 1% when conduction distances increase to 3 cm in herbaceous plants (Sun et al., 334 2005) , which suggests that this mechanism might play a relatively modest role in mature planting 335
systems. 336 337
Mobile (signaling) chemicals 338
Although various components are transported from the shoot to the root, only few of them have 339 been directly linked to light signaling in the shoot. These include sugars derived from 340 photosynthesis and transported through the phloem, plant hormones, and HY5. These will be 341 briefly discussed below. 342
343
Sugars 344
Once a seed is germinated, it first invests energy in hypocotyl growth. Upon penetrating the soil 345 and perceiving light, photomorphogenesis is initiated and the seedling acquires the ability to 346 conduct photosynthesis, followed by root growth (Kircher and Schopfer, 2012) . It was shown in 347 Arabidopsis seedlings that blocking photosynthesis inhibits root growth, just like in darkness, and 348 that adding sucrose to the growth medium can rescue root growth. Interestingly, sucrose 349 addition could not induce additional root growth in photosynthesis-positive seedlings (Kircher 350 and Schopfer, 2012) . These data confirm that sucrose is needed for root growth and 351 development, and indicate that sucrose can serve as a long-distance signal from the shoot to 352 inform the root system about light availability aboveground (Fig. 3) . 353
354
Auxin 355
Young shoot tissues are the main source of the plant hormone auxin that is then transported to 356 the root system where it regulates root development, including lateral root formation (Reed et al., 357 1998; Bhalerao et al., 2002) (Fig. 3) Hornitschek et al., 2012) , which is then transported laterally through the hypocotyl during low 361 R:FR conditions by PIN3 as well as PIN4 and PIN7 (Keuskamp et al., 2010; Kohnen et al., 2016 ) 362 and rootward by PIN1 and PIN2 in response to light (Sassi et al., 2012) . In darkness, the 363 expression of PIN1 is largely reduced, thus reducing auxin delivery to the root system (Sassi et 364 al., 2012) . 365
366
Gibberellic Acid (GA) 367
The plant hormone GA mediates various growth and developmental processes, such as seed 368 germination, cell elongation and reproductive development (Hedden and Sponsel, 2015) . Low 369 R:FR induces GA biosynthesis, at least partly through elevated expression of GA20OX genes 370 (Hisamatsu et al., 2005) . GAs are diterpenoid tetracyclic carboxylic acids, but only a few are 371 biological active, such as GA 1 and GA 4 (Hedden and Thomas, 2012) . Interestingly, biologically 372 inactive GA 12 has been identified as a long-distance growth signal that is transported from the 373 shoot to the root. Here GA 12 is converted into active form by GA20ox and GA3ox enzymes and 374 subsequently promotes root growth in Arabidopsis (Regnault et al., 2015) (Fig. 3) . It is yet 375 unknown if low R:FR induced production of bioactive GAs in the shoot affects downward GA 12 376 transport. 377
378
HY5 379
The transcription factor HY5 is a key integrator of photomorphogenesis and is involved in light, 380 hormone and stress signaling (Cluis et al., 2004; Lee et al., 2007; Gangappa and Botto, 2016) . proximity, it would also signal the likely presence of neighbors belowground competing for water 394 and nutrients (Gundel et al., 2014) . Competition experiments in Arabidopsis have shown that 395 root biomass decreases when plants are competing in dense stands and that there is a separate 396 transcriptomic regulation in the root versus the shoot (Masclaux et al., 2012) . In controlled 397 growth on medium, seedlings experiencing a low R:FR ratio have a lower lateral root number 398 and main root length (Salisbury et al., 2007) . However, as argued previously, in soil conditions 399 the roots are not directly exposed to low R:FR light, and the shoot might thus relay information 400 about nearby competitors to the root system either by direct piping, or through secondary mobile 401
messengers. 402
An important question that remains is what are the functional implications of light signal 403
transmission from the shoot to the root? One clear functional example is that HY5 can stimulate 404 nitrate uptake via NRT2;1, and will do so upon light-activation in the shoot (Chen et al., 405 2016) (Fig. 3 ). This will help keep the carbon and nitrogen acquisition in tune. In accordance with 406 these findings, direct shading in different phases of the growth period of field-grown maize was 407
shown to suppress root mass, length and absorptive area, suggesting reduced nutrient and/or 408 water uptake rates (Gao et al., 2017) . In addition to true shade, a reduced R:FR light ratio also 409 affects root growth in different species (Kasperbauer and Hunt, 1992; Kasperbauer and Hunt, 410 1994; Salisbury et al., 2007) . The effects of reduced R:FR ratios on lateral root formation 411 (Salisbury et al, 2007) that shade avoidance responses and phytochrome signaling dominate plant defenses against 427 pathogenic microorganisms and against insects (De Wit et al., 2013; Ballaré, 2014) BAR eFP browser (http://bar.utoronto.ca/efp/cgi-bin/efpWeb.cgi), phytochromes (Somers and 453 Quail, 1995; Goosey et al., 1997; Toth et al., 2001; Sharrock and Clack, 2002; Salisbury et al., 454 2007) , phototropins (Sakamoto and Briggs, 2002; Moni et al., 2015) , cryptochromes (Toth et al., 455 2001) , and UVR8 (Rizzini et al., 2011) . The primary effect of light is to enable photosynthesis which leads to the production of sugars 465 (sucrose), that enable the root to grow. Photomorphogenic development is associated with the 466 production of auxins in the shoot, which are transported rootward and enable root development. 467 HY5 is stabilized in the shoot during photomorphogenesis and is transported rootwards where it 468 regulates nitrate uptake and root development. 469
Light is used as a cue to detect neighboring plant competition via sensing of the R:FR ratio. 470 Plant tissues reflect FR, which lowers the nearby R:FR ratio, leading to shade avoidance 471 responses mediated by, amongst others, auxin and GA. These hormones can be transported 472 rootward where they affect root development. There are also indications that shade avoidance 473 responses, in a negative feedback mechanism, decrease the amount of rootward auxin 474 transport. FR light itself can also be transmitted directly through woody, vascular, tissues from 475 the shoot to the root, where it can affect root-localized phytochromes. • Light signaling interacts with root-environment interactions, including nutrient acquisition and gravitropism.
• A vertical agar plate system for Arabidopsis growth, D-root, was developed to keep roots in darkness, while the shoot experiences light. This system has allowed probing direct and indirect light effects on root system architecture.
OUTSTANDING QUESTIONS
• Do plants use light cues associated with density in vegetation to adjust root development, architecture, and nutrient acquisition physiology to neighbors?
• Do root responses to soil (stress) conditions affect aboveground (architectural) responses to light signals?
• Which mobile signals control root system architecture upon photoreceptor activation by different wavebands in the shoot, and through which tissue(s) do these factors travel towards the root system?
• Is there strong genetic variation for light (quality and quantity) effects on root development, or are these broadly occurring responses throughout the higher plant kingdom?
